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A B S T R A C T

A novel porous ceramic sheet supported nickel particles reactor was obtained by an in-situ preparation method.

This reactor was then used to investigate continuous-flow catalysis of nitroaromatic compounds and methyl

orange. The details of the structure and morphology were characterized by XRD, SEM, XPS, Raman, element

mapping, mercury intrusion method and Archimedes principle. The porous ceramic sheet supported Ni particles

reactor exhibited excellent catalytic performance in the catalytic reduction of p-nitrophenol and methyl orange

by sodium borohydride at room temperature. Both the conversion of p-nitrophenol (5 mM) and methyl orange

(0.3 mM) reached nearly 100% at the injection speed of 2.67 mL·min−1. In addition, it maintained conversions of

100% after 10 recycling time since the porous ceramic sheet could reduce the aggregation for Ni particles.

Furthermore, the chemisorbed oxygen, and the strong interaction between Ni and porous ceramic sheet resulted

in a highly efficient, recoverable, and cost-effective multifunctional reactor. All of these advantages present new

opportunities to be implemented in the field of waste water treatment and environmental toxicology. Ultimately,

the porous ceramic sheet could also support other metal nanomaterial, and used in other fields of environmental

catalysis.

1. Introduction

The catalysis, especially heterogeneous catalysis combined with the

traditional batch reactor, is an essential technology for modern che-

mical industry [1–3]. However, many disadvantages exist in the tradi-

tional batch reactor, such as low efficiency, concentration gradients,

poor heat transfer and etc. [4]. In contrast, the continuous-flow (CF)

presents great potential to researchers due to its high operability, ease

of reaction control, automation, and ability for scale up [5]. It exhibits

higher efficiency, better quality, and greater sustainability in many

fields, such as green synthesis [6], heart failure treatment [7,8], mi-

crofluidics [9], catalysis [10,11] and etc. These advantages guarantee

that the CF forms an excellent alternative technology to replace the

traditional batch reactor [12–14]. Simply, the combination of CF with

heterogeneous catalysis has many unparalleled advantages and is in-

creasingly becoming the powerful tool in the modern chemical in-

dustry. The development of CF in heterogeneous catalysis possesses is

of significant value economically and in the field of research.

Nanomaterials have been extensively investigated due to the unique

size, large surface-area-to-volume ratios, and shape effect [15–21].

Metal nanocatalyst, an important member of nanomaterials, has in-

creasing applications in various fields [22]. For instance, the aqueous

Au-Pd colloids are used to catalyze selective CH4 oxidation to CH3OH

[23]; the Au25(SG)18 nanoclusters are used for photothermal therapy

[24]; and the nickel nanoparticles (NiNPs) loaded cellulose filter paper

is used for the p-nitrophenol (4-NP) reduction [25]. Among these ap-

plications, environmental catalysis, especially in the field of water

treatment, has gained attention due to the increase of stringent en-

vironmental regulations. Currently, Au/TiO2 [26], AgNPs/SiNSs [27],

Pt-Fe3O4@graphene [28] and many other metal nanocatalysts have

been used for water treatment. Presently, the technology combination

of noble metal nanocatalysis with CF exhibits obvious advantages (high

reaction efficiency and reproducibility) in the field of water treatment

[29]. However, one current challenge in designing the metal catalyst

(anchored within CF reactors) is to improve catalytic efficiency and

reusability synchronously. For example, for the 4-NP reduction, the Pd/

UiO-66-NH2 film capillary microreactor can be reused readily but its

maximum flow rate is just 60 μL·min−1 [30]. In another example, the

https://doi.org/10.1016/j.cattod.2019.12.006

Received 4 March 2019; Received in revised form 16 November 2019; Accepted 2 December 2019

⁎ Corresponding authors.

E-mail addresses: sys-njut@163.com (Y. Shen), xli4@utep.edu (X. Li).

&DWDO\VLV�7RGD\�[[[��[[[[��[[[²[[[

������������������(OVHYLHU�%�9��$OO�ULJKWV�UHVHUYHG�

3OHDVH�FLWH�WKLV�DUWLFOH�DV��4LMLH�-LQ��HW�DO���&DWDO\VLV�7RGD\��KWWSV���GRL�RUJ���������M�FDWWRG������������



Au nanoparticles (AuNPs) anchored paper reactor can exhibit high

catalytic efficiency at a flow rate of 0.25mL·min−1 but the cellulose of

paper would be gradually destroyed in an alkaline environment [15].

With this in mind, intensive research of the catalyst is imperative for

low cost and high catalytic efficiency for metal nanocatalysis.

As an active ingredient, nickel is the excellent electron-donor or

acceptor resulting in the capacity to promote the catalytic reaction by

the redox cycle process significantly. Therefore, Ni material has great

advantages in the catalytic reaction [31,32]. High cost is one of the

hurdles for commercialization of noble metals. Nickel has appeared as a

considerable alternative. Therefore, the presence of Ni particles pro-

vides a possibility for increasing the catalytic efficiency and reusability

simultaneously in the field of water treatment. Recently, various ma-

terials have been used for the carriers, such as graphene oxide [33],

TiO2 [34,35], polymer [36] and cellulose [37]. As an emerging catalyst

carrier, porous ceramic sheet (PCS) has a continuous pore structure

(micro-sized diameter) featuring high porosity, offering easily acces-

sible active sites. The strong interaction between Ni particles and PCS

(contains Al2O3 and SiO2) can also exist. Both of these factors are

beneficial for the improvement of catalytic efficiency. Furthermore, the

PCS has excellent chemical inertness so it can exist stably in a strong

alkaline condition. The strong interaction guarantees that the NiNPs are

not easily separated from the PCS, which enhances the reusability for

the catalyst, indicating that the PCS supported Ni particles (Ni/PCS)

possess high catalytic efficiency and high reusability in the field of

water treatment.

In order to prove the high catalytic efficiency and reusability of PCS

supported Ni particles, the catalytic reduction of 4-NP and methyl or-

ange (MO) were chosen as a model in the water treatment field. It is

well known that 4-NP and MO are important contributors to worsening

environment problems such as water contamination and result in mu-

tagens, teratogens, carcinogens, etc. [38]. Alternatively, p-aminophenol

(4-AP) is an important intermediate with widespread applications in

various fields, including the antipyretic drugs, photographic developer,

corrosion inhibitor and hair-dying agent [39–41]. With the improve-

ment of environmental protection awareness and the increasingly strict

environmental protection laws [28], developing technology to degrade

organic pollutant has great ecological environmental significance and

important economic value [42,43].

Herein, we report an efficient approach to synthesize the Ni/PCS

catalyst and fabricate it as a continuous-flow reactor. The Ni/PCS re-

actor exhibited higher catalytic efficiency and higher reusability than

various continuous-flow catalysts. Both the conversion of 4-NP and MO

reached nearly 100% at the injection speed of 2.67mL·min−1 while the

catalytic efficiency exhibited no great change after 10 recycling times.

2. Experiment

2.1. Catalyst preparation and reactor fabrication

All the details about materials and chemicals for catalyst prepara-

tion were provided in Supporting Information (SI). Scheme 1 re-

presented the Ni/PCS preparation and the reactor fabrication. The Ni/

PCS catalyst was synthesized by an in-situ preparation method, which

was versatile in the preparation of PCS supported metal catalyst. First,

alumina fiber (56.0 wt.%), glass powder (24.0 wt.%), activated carbon

powder (10.0 wt.%), wood powder (10.0 wt.%) and appropriate

amount of deionized water were mixed and pelletized. Then, the hybrid

material was combined in a cylinder (diameter of 22mm, thickness of

10 mm) and calcined at 1100 ℃ for 2 h. Next, NiCl3·6H2O was added

into deionized water to obtain the NiCl3 green clarified solution. The

PCS was immersed to 2mL NiCl3 solution for 1 h allowing self-assembly

of the Ni2+ in the PCS. Then, the PCS (absorbed Ni2+) was added into

50mL sodium borohydride (1M) so that the Ni particles were self-as-

sembly in the PCS. Its chemical reaction was Ni2+ + BH4
−+ 2H2O→

Ni0 + BO2
− + 2H+ +3H2. In the next step, the sample was washed

with deionized water and dried to obtain the Ni/PCS catalyst. Finally,

the Ni/PCS catalyst was assembled into a quartz tube (22mm inner

diameter, 60mL) and the Ni/PCS reactor was obtained. The resulting

concentrations of NiCl3 were 0.10M, 0.25M, 0.50M, 0.75M and

1.00M, respectively, which were denoted as Ni/PCS-1, Ni/PCS-2, Ni/

PCS-3, Ni/PCS-4 and Ni/PCS-5, respectively.

2.2. Catalytic activity measurement

The catalytic efficiency of the Ni/PCS reactor was investigated by

the two reactions: (1) MO conversion to N,N-dimethylbenzene-1,4-

diamine (DPD) and 4-aminobenzenesulfonic acid (ABA); (2) 4-NP

conversion to 4-AP. As an example of 4-NP conversion to 4-AP, a typical

procedure was adopted for carrying out the chemical reaction. The 4-

NP solution (0.5−6mM, 20mL) and NaBH4 solution (0.1 M, 20mL)

were added to the beaker and mixed together. Then, the mixed solution

(40mL) was added into the Ni/PCS reactor and the height of the mixed

solution was kept by a micro-injection pump. With the reaction pro-

gress, the reacted liquid was collected by the beaker. The value of TOC

was collected by the total organic carbon analyzer. Afterwards, 2 mL

mixed solutions were pumped in cuvette. The cuvette was placed in a

UV–vis spectrophotometer to measure the absorbance spectra. The

conversion of 4-NP (X) was calculated by the Eq. (1).

X=(C0-Ct)/C0×100% (1)

The C0 was the initial 4-NP concentration and Ct was the concentration

at different time interval (t). Furthermore, the Ni/PCS catalyst was re-

cycled to investigate the reusability. For every recycling, the used cat-

alyst was washed and vacuum dried for the next experiment. The si-

milar procedure was employed for the MO reduction. The initial

concentrations of MO and NaBH4 were 0.3 mM and 30mM, respec-

tively.

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained on an X-ray dif-

fractometer (Smartlab TM 9Kw, Rigaku, Japan). The 2θ scans covered

the range 10∼80 °, and the accelerating voltage and applying current

were 45 kV and 200mA, respectively. The microstructural natures and

element mapping of the catalysts were investigated using a scanning

electron microscope (JEOL, JSM-5900). Visible Raman spectra of the

catalysts were collected at room temperature on the LabRAMHR800

(Horiba Jobin Yvon). A 514 nm diode-pumped solid-state semi-

conductor laser was used as the excitation source with a power output

of 30mW. The spectra were recorded over the range of 100-1200 cm−1

with a resolution of 0.5 cm−1. The X-ray photoelectron spectroscopy

(XPS) patterns were acquired by the PHI 5600 spectrometer with a

hemispherical energy analyzer (Mg-Kα radiation, 1253.6 eV at 100W),

and the vacuum degree was maintained at 10-7 Pa. The samples were

dried at 80 °C for 24 h to remove moisture and then were tested without

surface treatment. Curve fitting was performed by utilizing XPSPEAK

4.1 with a Shirley-type background. Archimedes principle was em-

ployed to measure the bulk density (D), apparent porosity (P) and water

absorption (W). The sample was dried at 120 ℃ for 5 h and the weight

was denoted as M1. The sample was immersed to deionized water and

brought to a boil. The gravity of the sample was denoted as M2 when

the water cooled down to room temperature. The water on the sample

surface removed using a water absorbing sponge and the weight of the

sample was denoted as M3. The D, P and W were calculated by the Eq.

(2) – (4).

D=M1/(M3-M2)×100% (2)

W=(M3-M1)/M1×100% (3)

P=(M3-M1)/(M3-M2)×100% (4)
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3. Results and discussion

3.1. Physical structure and properties

Fig. 1 showed XRD patterns and SEM micrographs of PCS sponge

and Ni/PCS reactors. Fig. 1(a) shows a model of the Ni/PCS-4 catalyst.

The outside surface of the catalyst was black because of the loading of

Ni particles. Its inside was still white because there were no Ni particles.

The thickness of black catalyst layer was approximately 500 μm. It was

due to the high catalytic activity of Ni particles for the NaBH4 so that

the NaBH4 could not enter the interior of the Ni/PCS-4. The XRD

patterns of PCS and Ni/PCS outside surface were analyzed and the re-

sults were shown in Fig. 1(b). All the reflections of the samples provided

the diffraction patterns for the Al2O3 (PDF-ICDD 77–2135), rutile TiO2

(PDF-ICDD 77–446), SiO2 (PDF-ICDD 86–1562) and NaAlSiO4 (PDF-

ICDD 11–220). The complex diffraction patterns were due to the

complexity of raw material components. As well known, the raw ma-

terials of glass powder contained PbO, MgO and etc, but no diffraction

peaks attributed to Pb or Mg species were detected in the XRD patterns,

implying that Pb or Mg species had a good dispersion in the Ni/PCS

samples or existed as the burr peaks. The diffraction peaks attributed to

Ni (PDF-ICDD 65–380) were detected in the Ni/PCS samples when the

Scheme 1. Preparation and fabrication of the Ni/PCS reactor.

Fig. 1. (a) the model of Ni/PCS-4 catalyst; (b) X-ray diffraction patterns of Ni/PCS reactors; (c) SEM micrograph of Ni/PCS-4 outside surface and (d) SEM micrograph

of Ni/PCS-4 inside surface.
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Ni0 was loaded in the catalyst. In addition, the intensity ratio of Ni/SiO2

exhibited a parabolic trend, this was primarily due to a relative increase

in the amount of Ni with the increase of NiCl3 concentrations. Fur-

thermore, Ni/PCS-4 exhibited the lowest peaks for SiO2 and the highest

peaks for Ni. It indicated that the loading content of Ni increased with

the increase of NiCl3 concentration and not all particles were loaded on

the PCS for Ni/PCS-5 reactor.

The SEM micrographs of Ni/PCS-4 outside and inside surface were

shown in Fig. 1(c) and 1(d). It was noted that the interior consisted

mainly of smooth fibers and massive solids. Fiber diameter was mainly

about 1.5–7.5 μm. There was no big change for the fiber diameter when

the Ni was loaded in the catalyst, indicating the physical structure had

no change. However, fine burrs and particles appeared on the surface of

the fiber with the loading of Ni. The Ni particle size was mainly be-

tween 160 nm and 2.5 μm, and the large particles were agglomerated by

small particles. Furthermore, the energy spectrums of Ni/PCS-4 were

conducted to obtain the element content on the outside surface and

interior (Fig. S1 and Fig. S2). It could be seen that there were O, Na, Mg,

Al, Si, Ca, Ti and Pb elements and no Ni in the interior of Ni/PCS-4.

Corresponding to this, the Ni and Cl elements were loading on the

outside surface. It verified that the Ni was present on the outside surface

of the Ni/PCS-4 catalyst and all the elements were evenly distributed in

the catalyst.

To further research the physical properties of Ni/PCS catalysts, the

original layer and Ni layer of Ni/PCS were cut and characterized by the

Raman and mercury intrusion method. Consistent with the XRD result,

the Raman spectra was complex and there were many small peaks,

which was due to the complex composition of the catalyst. As shown in

Fig. 2(a), the six peaks were assigned to the SiO2, which could be ob-

served at 218, 281, 404, 477, 712 and 772 cm−1 [44]. The bands lo-

cated at 388, 503, 552, and 661 cm−1 was assigned to the Al2O3

[45,46]. The band located at 1002 cm−1 was assigned to the NiO [47].

The presence of NiO was likely due to NiO/hydroxide formation during

catalyst processing when exposed to air. In addition, the Raman spectra

demonstrated that Ni/PCS catalysts showed a positive shift in com-

parison with PCS. The shift corresponded to an increase in the number

of surface oxygen vacancies [48]. Moreover, the Raman spectral in-

tensity of Al2O3 and SiO2 decreased significantly with the loading of Ni,

indicating that Ni and NiO covered the Al2O3 and SiO2. As shown in

Fig. 2(b), the pore distribution of PCS was 2−50 μm and the most of the

pore was 15−50 μm. The median pore of PCS was 28.9 μm and the bulk

density (calculated by the mercury intrusion method) was 0.955 g·cm-3.

By contrast, the loading of NiNPs decreased the pore distribution in the

range of 2−50 μm, especially 20−30 μm. It indicated that the NiNPs

were mainly supported on the pore (20−30 μm) surface. In addition,

the pore at 10−30 nm generated with the loading of NiNPs, which was

due to the interspace of the NiNPs. The bulk density of the Ni layer for

Ni/PCS-4 increased to 1.214 g·cm-3 because Ni was a relatively heavy

metal. However, the Ni layer was so thin that the bulk density of in-

tegral Ni/PCS-4 would not increase by 0.259 g·cm-3. Furthermore, the

pores of all the PCS and Ni/PCS catalyst were relatively large allowing

excellent filtered water performance and guaranteeing excellent cata-

lytic performance of the Ni/PCS reactors.

To determine the loading content of Ni particles and other physical

properties, the weighing method and Archimedes principle were em-

ployed. The detail information was shown in Table S1 and Fig. 3. As

shown in Fig. 3(a), the loading content could be calculated by the

weight difference before and after catalyst preparation process. Ni/PCS-

4 had the maximum loading content (4.76%) and the loading content of

Ni/PCS-5 was 3.45%. The concentration of NiCl3 increased gradually

from Ni/PCS-1 to Ni/PCS-5 when preparing the catalyst, but the

loading of Ni/PCS-5 was smaller than that of Ni/PCS-4. This should be

because the generated Ni particles increased gradually in size when the

concentration of NiCl3 was too high, so that the Ni particles were easily

detached from the catalyst surface. In other words, the concentration of

NiCl3 in the catalyst preparation had the maximum limit. The multiple

loading processes must be carried out if the loading content of Ni

needed to increase continuously. It was noted that there was a positive

correlation between loading content of Ni and catalytic efficiency. Bulk

density was also one of important physical properties for ceramic ma-

terials. As shown in Fig. 3(b), PCS had the minimum bulk density

(0.972 g·cm−3) and the loading of Ni would increase the bulk density of

Ni/PCS catalyst obviously. In addition, the bulk density increased when

the loading content of Ni and Ni/PCS-4 exhibited the maximum value

(0.991 g·cm−3). This was a result of Ni being a relatively heavy metal

and the Ni particles displaying no porous structures like PCS. The tiny

Ni particles were loaded on the outside surface and inner surface of the

catalyst tunnel.

The apparent porosity and water absorption were also important

properties for the catalytic efficiency in the field of water treatment.

The contaminated water passed through the internal pores of the Ni/

PCS reactor, reacted with Ni particles, and was filtered spontaneously

by gravity. Therefore, larger apparent porosity and readily exposed

active sites would be highly beneficial for the filtration of contaminated

water. The better water absorption performance would ensure that

more contaminated water was inside the Ni/PCS reactors and reacting

at the same time. As shown in Fig. 3(c), PCS exhibited the maximum

apparent porosity (63.78%) and the loading of Ni would decrease ap-

parent porosity. It was because the loaded Ni particles can block part of

the PCS pore or reduced the diameter of the PCS pore. However, Ni/

PCS-4 still showed a high apparent porosity (62.82%). The high ap-

parent porosity of Ni/PCS-4 guaranteed that the reactor had enough

Fig. 2. (a) Raman spectra; (b) pore distribution of PCS catalysts.
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exposed active sites and the reacted liquid was more easily filtered.

Fig. 3(d) described the water absorption of Ni/PCS reactors. The water

absorption of PCS and Ni/PCS reactors was about 64%, demonstrating

the loading of Ni had little effects on the water absorption. The high

apparent porosity, water absorption, and the loading of Ni ensured that

a large flow of contaminated water could pass through the reactor and

reacted with the catalyst at the same time. It was concluded that this

Ni/PCS reactor could dispose more contaminated water under the

premise of excellent catalytic performance.

3.2. Surface element information

The surface composition and oxidation states of catalysts play an

important role in the catalytic reduction, so the XPS was tested to in-

vestigate the surface properties of the catalysts. Fig. 4 and Fig. S3

showed the survey, Ni 2p, O 1s, Al 2p and Si 2p XPS high-resolution

scans spectra of PCS, Ni/PCS-1, Ni/PCS-4 and Ni/PCS-5 catalysts.

Table 1 showed the atomic distribution and percentage ratios of PCS

and Ni/PCS catalysts. As shown in the Fig. 4(a), it could be seen that the

PCS mainly consisted of Na, Ti, Al, Si, Pb, Ca, and O elements, which

was due to the raw material of glass powder, wood powder and alumina

fiber. This result was also consistent with that of XRD and elemental

mapping. Compared with PCS, Ni/PCS catalyst had new elements (Ni, B

and Cl), which was due to the loading of Ni and the vestigital of Cl− and

BO2
−. Fig. 4(b) and Fig. S3(b) showed the representative Ni 2p spectra

for the PCS, Ni/PCS-1, Ni/PCS-4 and Ni/PCS-5 catalysts. The result

could be classified into two subsets including six different peaks: (1) the

peaks located at 852.2 eV and 869.4 eV were metallic Ni (Ni0) [49]; (2)

the peaks located at 855.9 eV and 873.6 eV were Ni2+ species oxidation

state; (3) the peaks located at 861.6 eV and 879.5 eV were satellite [50].

The presence of Ni2+ was likely to be NiO/hydroxide during catalyst

processing when exposed to air [51]. The catalytic performance would

be reduced slightly when NiO was generated. However, as shown in the

XPS and catalytic reduction results, the catalytic efficiency of Ni0 was

still high after oxidation, indicating that the catalytic performance of

NiO was not as good as that of Ni0, but it was still active. In addition,

the loading content of Ni (2.7 at%, 8.3 at% and 6.4 at%) by XPS test

was much higher than that (1.04 wt%, 4.76 wt% and 3.45 wt%) by the

weighing method. This was due to the adsorbed Ni2+ segregating to the

surface of the PCS and reacting with NaBH4 to form Ni0. This resulted in

a high concentration of Ni0 on the catalyst surface and no Ni0 inside the

catalyst. Furthermore, the presence of NiO dense film prevented Ni0

from continuing to oxidize, resulting in a higher Ni0/Ni2+ molar ratio

of Ni/PCS-4 than that of Ni/PCS-1 and Ni/PCS-5.

Fig. 4(c) and Fig. S3(c) showed the O 1s spectra for the PCS and Ni/

PCS catalysts. The O 1s peaks could be fitted into two peaks referred to

the chemisorbed oxygen (hereafter denoted as Oα) and the lattice

oxygen (hereafter denoted as Oβ) [52]. It was noted that the loading of

Ni increased the percentage of O element and relative content of Oα. It

was well known that surface chemisorbed oxygen was the most active

oxygen and played an important role in catalytic reaction [53], which

was one of the reasons why the catalytic activities decreased as Ni/PCS-

4>Ni/PCS-5>Ni/PCS-1> PCS. Fig. 4(d) and Fig. S3(d) showed the

Al 2p spectra for the PCS and Ni/PCS catalysts. The Al 2p peak could be

fitted into two peaks referred to Al 2p3/2 (located at 74.0 eV) and Al

2p1/2 (located at 74.9 eV). With the quantification of the peak areas of

the spectra presented in Fig. 4(d), it was possible to estimate the

thickness of the Al2O3 overlayer employing a multilayer approach that

evaluated the signal attenuation due to scattering [54,55]. Therefore,

the Al 2p photoemission intensity decreased with the increase of Ni

Fig. 3. (a) Loading content of Ni particles; (b) bulk density; (c) apparent porosity and (d) water absorption of Ni/PCS catalyst.
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amount. As shown in Fig. S3(e), the Si 2p photoemission intensity also

decreased with the increase of Ni amount, which was due to the overlay

of Ni particles. Furthermore, the shift of peak to low binding energy

indicated the strong interaction between Ni and Si. This resulted in a

decrease in catalytic activities as Ni/PCS-4>Ni/PCS-5>Ni/PCS-

1> PCS.

3.3. Catalytic reduction

The continuous-flow catalysis was conducted by the Ni/PCS reactors

and the diagrammatic drawing was shown in Fig. 5. From the Fig. 5(a),

the Ni/PCS catalyst (cylinder, diameter of 22mm, thickness of 10mm)

was tightly packed into a quartz tube. The injection syringe was

equipped with a silicon tube and stacked at the micro-injection pump.

The initial reaction solution (40mL) was fed into the Ni/PCS reactor

and the height of the reaction solution was kept by the micro-injection

pump. The reacted solution was filtered by the Ni/PCS reactor and then

trickled down by gravity. In this experiment, the injection speed was

2.67mL·min−1 so the initial reaction solution (40mL) was disposed

equivalently in 15min. Fig. 5(b) showed the UV–vis absorption spectra

of a 5mM 4-NP solution with 0.1M NaBH4 before and after feeding into

the Ni/PCS-4 reactor. During this experiment, the yellow color of 4-NP/

NaBH4 solution faded and ultimately bleached with the treatment of

Ni/PCS reactor. The characteristic peak intensity at 400 nm decreased

and that at 300 nm increased after the reactor. Fig. S4 showed the peak

position shifted from 315 nm to 400 nm when the NaBH4 was added

into 4-NP solution. It was determined from literature that the peak at

400 nm represented the 4-NP and the peak at about 300 nm represented

4-AP [56]. It was also noted that the value of TOC had no great change

before and after the reaction (Fig. S5). Meaning, the 4-NP had been

completely transformed to 4-AP with no other by-product (HO-C6H4-

NO2 + BH4-→ HO-C6H4-NH2 +BO2- + 2H2). Therefore, the change of

peak intensity was caused by the transformation from 4-NP to 4-AP, and

the Ni/PCS-4 reactor achieved 100 % conversion at the injection speed

of 2.67mL·min-1.

The conversions versus 4-NP concentration for different Ni/PCS

Fig. 4. (a) Survey; (b) Ni 2p; (c) O 1s and (d) Al 2p high-resolution scan spectra of PCS, Ni/PCS-1 and Ni/PCS-4 catalysts.

Table 1

Atomic distribution and percentage of PCS and Ni/PCS catalysts.

Sample Chemical composition (At%) Relative content

Ni O Al Si Ni0/(Ni2++ Ni0) Oα/(Oβ+ Oα)

PCS 0 65.4 10.7 23.9 – 0.086

Ni/PCS-1 2.7 68.6 9.8 18.9 0.343 0.090

Ni/PCS-4 8.3 68.3 5.4 18.0 0.364 0.096

Ni/PCS-5 6.4 68.3 7.0 18.3 0.361 0.093
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reactors were shown in Fig. 5(c). All the catalytic efficiencies of Ni/PCS

reactors could reach 100% at the injection speed of 2.67mL·min−1

when the 4-NP concentration was lower than 5mM, indicating the Ni/

PCS reactor exhibited higher catalytic activity than the reactor based on

AuNPs-anchored paper [15]. The efficiency of AuNPs-anchored paper

reactor reached 100% when the speed was only lower than

0.05mL·min−1. In addition, the catalytic efficiency decreased with the

increase of 4-NP concentration. It was because the effective collision

frequency on the Ni particles surface decreased when the injection

speed remained 2.67mL·min−1 and the 4-NP concentration increased.

When the 4-NP concentration was 6mM, there was a significant dif-

ference among these Ni/PCS reactors. The Ni/PCS-4 exhibited the best

catalytic performance (98.8%) at 2.67mL·min−1. The maximum con-

version of Ni/PCS reactors decreased as Ni/PCS-4 > Ni/PCS-5 > Ni/

PCS-3 > Ni/PCS-2 > Ni/PCS-1. The conversion of the Ni/PCS reactor

is basically positively correlated with the loading content of Ni parti-

cles. The main reason for higher conversion of Ni/PCS-4 than that of

Ni/PCS-5 may also be due to the loading content and the size of Ni

particles. Many black Ni particles suspended in solution when the PCS

(absorbed Ni2+) was added into 50mL sodium borohydride to prepare

the Ni/PCS-5 catalyst. In other words, the concentration of NiCl3 so-

lution could not be too high or the Ni particles would be agglomerated

and not all particles were loaded on the PCS. In order to confirm the

superiority of Ni/PCS reactor in the environmental catalysis, Ni/PCS-4

was applied for MO reduction. From the Fig. 5(d), the peak at 465 nm

was attributed to the n-π* transition of azo structure in MO molecule.

The peak at 266 nm was attributed to the π-π* transition of the benzene

ring conjugated system in MO molecule. These two peaks disappeared

and the yellow solution transformed to a colorless one while a new peak

at 250 nm appeared. It suggested that MO reduced in the presence of Ni

particles and degraded into new small molecule products [57]. There-

fore, the catalytic efficiencies of Ni/PCS-4 reactor reached 100% at the

injection speed of 2.67mL·min−1 when the MO concentration was

0.3 mM. These results further substantiate Ni/PCS-4 as an excellent

reactor for the water treatment.

The great advantages of heterogeneous catalyst were the easy se-

paration from the reaction medium and the reusability in consecutive

runs [58]. In the present case, the reusability of Ni/PCS-4 was in-

vestigated (Fig. 6) and the used sample was washed and dried for

subsequent experiment. The concentrations of 4-NP and MO for re-

cycling were 5mM and 0.3mM, respectively. As shown in Fig. 6, the

catalytic efficiencies of 4-NP and MO reduction had no great change

after 10 recycling times. The Ni0 would be oxidized gradually when the

catalyst was exposed to air so that the catalytic efficiency decreased

slightly. Furthermore, the conversion rates of Ni/PCS-4 could reach

99.6% (4-NP) and 99.4% (MO) at the tenth recycling time. Compared

with other catalysts, such as Cu2O@h-BN (50% activity loss after 4

recycling times) [59], NiNPs in hydrogel network (25% activity loss

after 5 recycling times) [60], and Ag/CH-FP (10% activity loss after 4

recycling times) [61], the Ni/PCS-4 exhibited a significantly better

reusability. To summarize, the Ni/PCS-4 had excellent reusability,

which could be applied to the practical application. Fig. S6 showed the

potential reaction mechanism of 4-NP transformation to 4-AP and the

transformation was a six electron process in the presence of NaBH4

[25]. The NiNPs on the PCS transferred NaBH4 to active hydrogen

species and adsorbed on the catalyst surface. Afterwards, the nitro

Fig. 5. Continuous-flow catalysis by the Ni/PCS reactors. (a) the catalytic system containing the Ni/PCS reactor; (b) UV–vis absorption spectra of 5 mM 4-NP solution

with 0.1M NaBH4 before and after feeding into the Ni/PCS-4 reactor; (c) 4-NP conversions versus 4-NP concentration for different Ni/PCS reactors; (d) UV–vis

absorption spectra of 0.3 mM MO solution with 30mM NaBH4 before and after feeding into the Ni/PCS-4 reactor.
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groups of 4-NP molecules presented in the interfacial region would be

transferred to amino groups with the induction of adsorbed hydrogen

species [62].

4. Conclusions

In this work, a facile approach to synthesize Ni particles over the

porous ceramic sheet was developed. The Ni/PCS catalyst was fabri-

cated as a continuous-flow reactor. The Ni/PCS reactor was used for the

first time in the process of nitroaromatic compounds and methyl orange

reduction. Different samples were characterized structurally and mor-

phologically by XRD, SEM, XPS, Raman, element mapping, mercury

intrusion method, and Archimedes principle. For Ni/PCS, it was found

that Ni existed in the form of nanoparticle structures with the particle

size mainly between 160 nm and 2.5 μm. The PCS could maintain the

structure in non-ideal conditions and the strong interaction guaranteed

that the Ni particles durable adherence to PCS surface. Therefore, for

the optimum reactor (Ni/PCS-4), both the conversion of 4-NP (5mM)

and MO (0.3mM) reached nearly 100% at the injection speed of

2.67mL·min−1. It also kept the conversion of 100% after 10 recycling

times. Moreover, the loading of Ni increased the concentrations of

chemisorbed oxygen. The high apparent porosity of Ni/PCS guaranteed

that the reactor had enough exposed active sites and the reacted liquid

was more easily filtered. Therefore, the Ni/PCS reactor had high cata-

lytic efficiency and excellent reusability. While we have proven, the

PCS supported Ni particles possess high catalytic efficiency and high

reusability in the field of water treatment, the porous ceramic sheet

could support other metal nanomaterial (such as Ag, Au, Pt and Pd) and

pose potential for use in other fields of environmental catalysis. The

universality and all of these advantages were favorable factors so that

the PCS reactor could be used for wide practical applications.
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